Pulmonary arterial hypertension (PAH) is a disorder of the pulmonary vasculature associated with elevated pulmonary vascular resistance. Despite recent advances in the treatment of PAH, with eight approved clinical therapies and additional therapies undergoing clinical trials, PAH remains a serious life-threatening condition. The lack of pulmonary vascular selectivity and associated systemic adverse effects of these therapies remain the main obstacles to successful treatment. Peptide-mediated drug delivery that specifically targets the vasculature of PAH lungs may offer a solution to the lack of drug selectivity. Herein, we show highly selective targeting of rat PAH lesions by a novel cyclic peptide, CARSKNKDC (CAR). Intravenous administration of CAR peptide resulted in intense accumulation of the peptide in monocrotaline-induced and SU5416/hypoxia-induced hypertensive lungs but not in healthy lungs or other organs of PAH rats. CAR homed to all layers of remodeled pulmonary arteries, ie, endothelium, neointima, medial smooth muscle, and adventitia, in the hypertensive lungs. CAR also homed to capillary vessels and accumulated in the interstitial space of the PAH lungs, manifesting its extravasation activity. These results demonstrated the remarkable ability of CAR to selectively target PAH lung vasculature and effectively penetrate and spread throughout the diseased lung tissue. These results suggest the clinical utility of CAR in the targeted delivery of therapeutic compounds and imaging probes to PAH lungs.
Pulmonary arterial hypertension (PAH) is a disorder of the pulmonary vasculature associated with elevated pulmonary vascular resistance. Despite recent advances in the treatment of PAH, with eight approved clinical therapies and additional therapies undergoing clinical trials, PAH remains a serious life-threatening condition. The lack of pulmonary vascular selectivity and associated systemic adverse effects of these therapies remain the main obstacles to successful treatment. Peptide-mediated drug delivery that specifically targets the vasculature of PAH lungs may offer a solution to the lack of drug selectivity. Herein, we show highly selective targeting of rat PAH lesions by a novel cyclic peptide, CARSKNKDC (CAR). Intravenous administration of CAR peptide resulted in intense accumulation of the peptide in monocrotaline-induced and SU5416/hypoxia-induced hypertensive lungs but not in healthy lungs or other organs of PAH rats. CAR homed to all layers of remodeled pulmonary arteries, ie, endothelium, neointima, medial smooth muscle, and adventitia, in the hypertensive lungs. CAR also homed to capillary vessels and accumulated in the interstitial space of the PAH lungs, manifesting its extravasation activity. These results demonstrated the remarkable ability of CAR to selectively target PAH lung vasculature and effectively penetrate and spread throughout the diseased lung tissue. These results suggest the clinical utility of CAR in the targeted delivery of therapeutic compounds and imaging probes to PAH lungs. Pulmonary arterial hypertension (PAH) is a disease of the pulmonary vasculature defined by elevated pulmonary vascular resistance, which eventually leads to right heart failure and premature death. The cause of this disease remains unknown. PAH can be idiopathic or associated with other conditions or exposures (secondary pulmonary hypertension), including connective tissue diseases, HIV infection, portal hypertension, and anorexigenic drug ingestion. Most cases of severe PAH, especially idiopathic PAH, are associated with aberrant proliferation of pulmonary arterial endothelial cells and smooth muscle cells, leading to narrowing or even obliteration of the precapillary pulmonary vessel lumen.
1 Thus, intimal and medial thickening of resistant arteries is typically found in the lesions. The adventitia is often markedly remodeled in patients with certain forms of collagen vascular diseases associated with severe PAH, most notably scleroderma. 2 Inflammatory mechanisms seem to play a significant role in the pathogenesis and progression of PAH. The involve-ment of leukocytes, such as macrophages and lymphocytes, in complex lesions of PAH has been described. 3, 4 The current therapeutic approaches to PAH consist of the administration of a variety of systemic vasodilators, which reduce pulmonary vascular resistance in some patients. However, the systemic use of vasodilators can produce adverse effects, such as hypotension, impaired intrapulmonary gas exchange, depressed cardiac function, and even death. 5 Drugs such as endothelin receptor antagonist may cause serious liver damage. 5 These limitations of the current PAH regimens necessitate the development of targetspecific interventions. 6 Delivering drugs to a diseased tissue by coupling the drug to a compound that specifically binds at the target tissue (synaphic targeting) can overcome the limitations of nonselective drug activity. 7, 8 Such a technology would provide significant therapeutic advantages, such as concentrating the drug at the targeted site, which increases efficacy while decreasing adverse effects in other tissues. However, to our knowledge, no compounds that specifically bind to the blood vessels in PAH lungs are known. We set out to develop such a compound.
We have been using in vivo screening of phage peptide libraries to identify specific molecular markers in the vasculature in different organs and diseased tissues. The "molecular zip codes" revealed by these screens can be used in organ-specific or lesion-specific delivery of systemically administered diagnostics and therapeutics. 7 For example, ␣ v integrins are highly expressed in tumor vasculature, where they have been accessed with peptides that contain the RGD integrin recognition motif to deliver drugs, biologicals, viruses, and nanoparticles to tumor vasculature. 8 Previously, we identified a cyclic peptide, CARSKNKDC (CAR), via in vivo screening of a phage peptide library for homing to angiogenic blood vessels during wound repair. 9 CAR accumulates in tendon and skin wounds in rats and mice with excellent selectivity, suggesting that the peptide targets the vasculature of injured tissues/lesions. 9,10 CAR specifically binds to heparin, and its binding to angiogenic endothelial cells and tumor cells requires the glycosaminoglycan heparan sulfate, 9 suggesting that this peptide recognizes a specific form of heparan sulfate in the target tissues. Because endothelial activation is associated with PAH, 4, 11 we hypothesized that the CAR peptide may be useful for targeting vascular lesions in the diseased lung. Herein, we show that CAR enables highly effective and selective targeting of PAH lesions. 
Materials and Methods

Animals
SU5416/Hypoxia-Induced PAH Model
Adult male Sprague-Dawley rats (approximately 200 g) were injected s.c. with SU5416 (20 mg/kg body weight; SUGEN Inc., South San Francisco, CA) suspended in carboxymethylcellulose (0.5% carboxymethylcellulose sodium, 0.9% sodium chloride, 0.4% polysorbate, and 0.9% benzyl alcohol in deionized water). The rats were then exposed to chronic hypoxia in a hypobaric chamber (barometric pressure, 410 mmHg: inspired O 2 tension, 76 mmHg) for 3 weeks followed by an additional 6 weeks of reexposure to normoxia. Rats were examined 9 weeks after the injection of SU5416, when they develop severe occlusive pulmonary arterial lesions. 13 
Peptide Targeting Study
The following peptides were labeled with 5-carboxyfluorescein (FAM) and were used for the lung targeting studies: CAR, CARSKNKDC; vascular cell adhesion molecule 1 (VCAM-1), CVHSPNKKCGGSK; CG7C control, CGGG-GGGGC; and CAR mutant, CAQSNNKDC. Peptides were dissolved in PBS at concentrations of 0.5 mg/mL. Hypertensive rats were injected with peptide solution through the tail vein (3.3 mg/kg). Two hours after injection, the rats were perfused with PBS containing 1% bovine serum albumin while under deep anesthesia, and tissues were fixed by systemic perfusion with 10% buffered formalin. The organs were excised and fixed for an additional 24 hours and were processed for antifluorescein immunohistochemistry (IHC) analysis.
IHC Analysis
To determine the localization of the peptides, paraffin-embedded tissue sections were immunostained with rabbit anti-fluorescein isothiocyanate (FITC) antibody (Invitrogen, Carlsbad, CA) followed by horseradish peroxidase-labeled anti-rabbit IgG secondary antibody. The peptide localization was then visualized by diaminobenzidine. Sections were counterstained with hematoxylin to visualize the region of cells. A Discovery XT automated staining system (Ventana Medical Systems Inc., Tucson, AZ) was used for staining. To examine the co-localization of the peptides with macrophages or alveolar type II cells, tissue sections were double stained with rabbit anti-FITC antibody and mouse anti-rat CD68 antibody (ED1; AbD Serotec, Raleigh, NC) or rabbit anti-prosurfactant protein C (Millipore, Temecula, CA), respectively. For FITC/anti-prosurfactant protein C double staining, FITC staining was completed first. The tissue sections were then treated with citrate buffer (pH 6.0) at 98°C for 10 minutes before proceeding to anti-prosurfactant protein C staining. Biotinylated species-specific secondary antibodies and alkaline phosphatase-labeled streptavidin (Vector Laboratories, Burlingame, CA) were used to visualize macrophages and alveolar type II cells with Permanent Red (Dako, Carpinteria, CA).
Data Analysis
Images of stained slides were observed and captured using an ECLIPSE 90i or 80i microscope with a CCD camera DS-5M (Nikon Instruments, Melville, NY). To quantify the targeting efficiency of the peptides to the lung, the immunostained sections were scanned using an Aperio ScanScope XT system and were analyzed using ImageScope software (Aperio Technologies Inc., Vista, CA). For the quantification of area and density of peptide staining, a color deconvolution tool (Aperio Technologies Inc.) was used to compare total peptidepositive area and intensity of peptide staining in each animal. The thresholds were set empirically for strong, medium, and weak staining. The area of each level of staining was presented as a percentage of such area in the total cell area. The total stained area was normalized by hematoxylin-stained areas of the same regions.
Results
Specific Accumulation of CAR in MCT-Induced PAH Lesions
PAH was induced in the rat by s.c. injection of MCT, which resulted in considerable remodeling of the pulmonary vasculature approximately 3 to 4 weeks later (see Supplemental Figure S1 at http://ajp.amjpathol. org). FAM-labeled CAR peptide or the control FAM-CG7C peptide was i.v. injected into these animals to determine peptide homing to the lung lesions. The strong green autofluorescence of the lungs made it difficult to accurately interpret the data of direct FAM imaging. For this reason, and to preserve the histologic features, we used IHC staining with anti-fluorescein antibodies to detect the FAM-labeled peptides.
In this analysis, we found extensive accumulation of CAR in PAH lungs (Figures 1 and 2) . CAR accumulated in the endothelium and medial smooth muscle of pulmonary arteries (Figure 2A ). The accumulation of CAR was also prominent at the adventitia of pulmonary arteries ( Figures 1A and 2C ). In addition, capillary vessel walls and infiltrating macrophages were strongly positive for CAR staining (Figure 2, B and E) . Furthermore, CAR accumulated significantly in the extravascular space (interstitial space and alveolar lumen) of the PAH lungs ( Figure 1G ), indicating that CAR penetrates through the vessel wall and binds to macrophages and extracellular matrix components deposited in the injured lung; the putative receptors for CAR are heparan sulfate proteoglycans upregulated at the site of tissue injury. 9 Staining with a type II alveolar cell marker indicates that these cells are also positive for CAR in MCT-treated hypertensive rats ( Figure 2G ). In comparison, little accumulation of CAR was detected in the normal lung of non-MCT-treated rats (Figure 1, D and  I) . Moreover, only very weak staining was detected for the control CG7C peptide in the MCT-treated lungs (Figures 1, C and I, and 2D) . These results demonstrate the specificity of CAR targeting to PAH lung lesions.
We next examined the PAH targeting activity of VCAM-1-binding peptide (VHSPNKK) 14, 15 to compare with that of CAR. This peptide has been shown to target atherosclerotic plaques in ApoE Ϫ/Ϫ mice. VCAM-1 is highly expressed in inflammatory endothelium. 16, 17 Clinical data indicate that this is also true for the activated endothelium in PAH, 11 suggesting that VCAM-1 may be useful in PAH targeting. VCAM-1-binding peptide accumulated in PAH lungs to a similar extent as did CAR (Figure 1 , B, H, and I). However, most of the peptide accumulation was in infiltrating macrophages and/or type II alveolar cells, and the vasculature was less positive (Figure 1, B and H) . A fair amount of the VCAM-1-binding peptide also accumulated in normal lungs, indicating the lack of specificity to the diseased lung, which was in contrast to the results of CAR (Figure 1, E and I ). These observations demonstrate the excellent PAH selectivity and targeting ability of CAR.
Spatiotemporal Pattern of PAH Targeting by CAR
During PAH lesion development, weak to moderate accumulation of CAR was detected in a few small discrete areas in the injured lung 3 days after injury (data not shown). This accumulation was absent 7 days after injury, suggesting that CAR homes to acute lung lesions. More significant and broad accumulation of CAR to the pulmonary vasculature was detected 2 weeks after injury, and the intensity of the accumulation significantly increased in the chronic lesions in the third week ( Figure 3A) . The temporal pattern of CAR homing coincided with the progressive remodeling of the pulmonary vasculature and with an increase in the number of infiltrating macrophages. 12 These observations demonstrate that lung targeting by CAR is dependent on formation of the lung lesions. Despite the extensive homing of CAR to the injured lung, accumulation in other organs was absent or very weak, except in the kidney ( Figure 3B) . Peptides administered i.v. get excreted through the kidney. Thus, CAR accumulation in the kidney was observed in MCTtreated PAH rats and in untreated healthy animals. The control peptide also accumulated in the kidney (see Supplemental Figure S2 at http://ajp.amjpathol.org). Little accumulation in healthy lungs and other organs further supports that CAR is useful for selectively targeting PAH lesions.
CAR Targets Vascular Endothelial Growth Factor Receptor Inhibition/Hypoxia-Induced PAH
To examine whether CAR also exhibits selective targeting to PAH lesions induced by a different mechanism, we used another rat PAH model: severe occlusive disease induced by the vascular endothelial growth factor receptor blocker SU5416 and hypoxia. 13 After a single subcutaneous injection of SU5416, rats were exposed to hypoxia for 3 weeks followed by an additional 6 weeks of reexposure to normoxia. Rats were examined 9 weeks after the injection of SU5416, when they develop severe occlusive pulmonary arterial lesions. In this model, sustained pulmonary hypertension is accompanied by the formation of complex plexiform lesions in addition to the medial wall thickening and neointima formation, thus well recapitulating pulmonary lesion development in the pulmonary arteriopathy of human PAH. 13 The i.v. CAR administration resulted in prominent accumulation of the peptide throughout PAH lungs (Figure 4) . CAR accumulation was detected at high intensity in all layers of remodeled pulmonary arteries, ie, endothelium, neointima, media, and adventitia. Furthermore, CAR-positive lesions included not only the endothelium and thickening medial wall but plexiform-like lesions and occluded arterioles. In contrast, only negligible signal was detected in the PAH lesion when CAR mutant, an inactive CAR derivative with site-directed mutations (CAQSNNKDC), was tested, demonstrating the specificity of CAR homing. Thus, CAR exhibited specific targeting to various forms of pulmonary arterial lesions in two distinct PAH models.
Binding and Penetration of CAR into Human Cells
To assess the potential utility of CAR in targeting human PAH, we tested binding of CAR to human endothelial cells in culture. When grown in culture, these endothelial cells are highly activated and mitotic, with elevated expression of angiogenic genes, recapitulating the characteristics of the endothelial cells of pathologically regenerating blood vessels. 18, 19 CAR specifically bound to the growing endothelial cells in culture and was internalized into the cells (see Supplemental Figure S3 at http://ajp. amjpathol.org). Reinforcing the ability of CAR to target human cells in vivo, we showed that i.v. injected CAR homes to human tumor xenografts in mice with high se- Tissue sections of brain (striatum), heart, liver, spleen, and kidney from MCT-treated rats and untreated control rats were stained with anti-fluorescein antibody. Scale bars: 50 m (brain and heart); 100 m (liver and spleen); 500 m (kidney). Figure 4 . CAR peptide accumulates in SU5416/hypoxia-induced PAH lesions. PAH was induced in rats by a single s.c. injection of SU5416 and 3-week exposure to hypoxia (10% O 2 ) followed by 6 weeks of normoxia. 13 CAR was accumulated in remodeled pulmonary arteries (A: medial wall thickening and C: occlusive neointimal formation). Little signal was detected in lung lesions of PAH rats administered CAR mutant peptide (B, medial wall thickening; D, occlusive neointimal formation). Scale bars ϭ 50 m. lectivity and efficiency. Significantly, the peptide was found to be associated with human tumor cells (see Supplemental Figure S4 at http://ajp.amjpathol.org). These results indicate the expression of CAR receptor in human cells, suggesting that the application of CAR targeting to human PAH is feasible.
B A D C
Discussion
In this study, we demonstrate the highly selective PAHtargeting and tissue-penetration abilities of a recently described cyclic peptide, CAR. To our knowledge, this is the first report of a technology that enables selective targeting of the life-threatening lung disorder PAH. We found that CAR homes to the pulmonary arterial endothelium and smooth muscle of the diseased lung, which are the primary tissue targets of current PAH interventions. 20 CAR also accumulates in the adventitia of pulmonary arteries and in interstitial macrophages. The remodeling of the adventitia is important in the development of PAH, and macrophages recruited to the PAH lesion play a crucial role in the pathogenesis of the disease through mediating inflammatory responses. The CAR targeting of the lung lesions may, therefore, offer opportunities to target multiple cell types important in the pathogenesis of PAH.
Because inflammation is an element in the PAH models we used, there could be a correlation between inflammation in the lungs and CAR accumulation. However, the inflammatory response in the lungs is significantly stronger in MCT-induced PAH than in the SU5416/hypoxia model or in human idiopathic PAH. 13 Nonetheless, CAR effectively targets the PAH lungs in both rat models. Moreover, CAR showed excellent specificity for the lungs in the MCT model, although this treatment is known to cause inflammation in the heart and liver as well. 21, 22 Therefore, inflammation alone does not seem to account for the selective CAR homing to hypertensive lungs.
The molecular target of CAR homing in the PAH lesion is unknown. A BLAST analysis revealed a high homology of CAR sequence with the heparin-binding motif of bone morphogenetic protein-4. 9 Whether CAR has any effect on bone morphogenetic protein-4 signaling is unknown. In agreement with its putative heparinbinding sequence, cell binding of CAR is dependent on heparan sulfate expression of the cells, 9 suggesting that the mechanism for the vascular homing to the site of hypertensive lesions may be due to the expression of a unique glycosaminoglycan in the diseased lung. Thus, PAH vasculature seems to express a molecular zip code not present in normal lung vasculature. Identification of the receptor for CAR is an important goal of future work that could further advance PAH targeting technology.
Currently, there are several pharmacologic agents for the treatment of PAH, some of which hold promise for improved efficacy. 5, 20 However, the lack of pulmonary vascular selectivity and associated systemic adverse effects imposes significant obstacles to successful outcomes of these therapies. When conjugated with CAR, a systemically administered fluorescence probe (FAM) was successfully delivered to and concentrated in the lung lesions. This suggests that CAR will also be useful for delivering other imaging probes and therapeutic compounds to PAH lesions. CAR accumulated significantly in the interstitial space of PAH lungs, indicating that CAR, having specifically bound to the vasculature of the diseased lungs, extravasates and penetrates into lung parenchyma. This deep tissue penetration may make it possible to overcome the additional problem of inadequate drug penetration into the target tissues. The targeting technology described in this article may be useful for developing drugs specifically engineered for targeted treatment of PAH.
